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1 Introduction 



X 

d \ Discovery of CP symmetry breaking in K-meson decay stimulated a search 

of T- and CP- non-invariant interactions in other systems. It is important 
to distinguish T- P- breaking interaction from T-breaking P-conserving one. 
While T-odd P-odd interaction naturally arises in the Standard model through 
CP-breaking phase of the Kobayashi-Maskawa matrix or in QCD through 9 
term, introduction of T-breaking P-conserving interactions has no natural im- 
plementation on a quark level. The investigation of P-even T-odd interaction 
(TRV) of non-weak origin continue to enjoy popularity in nuclear and nucleon- 
nucleon physics. Note, that the T-breaking, P-conserving interaction arising 
from interference of T- P- breaking interaction with P-odd weak one, should 
be very small and can not be considered. 

Null test for the T-odd P-even interaction is finding of the 

Fr(0) = ^t{{(t ■ S X n)(5 ■ n) + (5 ■ n)(cr ■ 5 x n)} (1) 
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term [1-3] in the forward elastic scattering amplitude of the particle with the 
1/2 spin by the nucleus with the spin S* > 1. S is the nucleus spin operator, 
n is the unit vector in the direction of the projectile particle momentum, cr is 
the Pauli matrix of the nucleon spin. 

The heavy nuclei exhibit the large enhancement of P-odd effects but for T-odd 
P-even interactions the enhancement can be suppressed [4]. So, the advantage 
of heavy nuclei compared to light is questionable. On the other hand, the 
proton-deuteron scattering considered here fully utilise a high luminosity of 
proton beams of COSY. Such an experiment is planed to be performed by TRV 
collaboration [5] as an internal target experiment in the cooler synchrotron 
COSY. 

We consider the T-violating P-conserving p-d forward scattering amplitude 
in the frame of the Glauber multiscattering theory proceeding from T-odd, 
P-even terms of N-N interaction. The N-N forward elastic scattering ampli- 
tude does not contain T-odd, P-even terms: such a term exists in scattering 
amplitude only at non-zero angles. The mechanism of ^y-term arising is dou- 
ble proton scattering by deuteron nucleons. In the first collision the proton is 
scattered by TRV interaction at a small angle 6 and in the second collision 
it is scattered by T-even interaction at the angle —6, as a result, the T-odd, 
P-even term appears at the forward p — d elastic scattering amplitude. The 
problem is discussed earlier [6], but we now take into account the deuteron 
non sphericity and calculate the contribution of the T-odd impurity at the 
deuteron density matrix. 



2 Eikonal approximation for particles with spin 



The Glauber multiscattering theory can be generalized to the case of particles 
with spins [7,8]. Let us consider the small-angle elastic scattering of the particle 
with spin by the N scatterers also with spins and fixed at the points with the 
radius vectors Va- The wave function of the system \l/(r,rQ,) satisfies to the 
"relativizied" Shredinger equation: 

(V2 + A;2)^(r, r,) = 2EV{r, n ■ ■r^)^(r, r«), (2) 



where k and E are the wave number and the particle energy accordingly. The 
particle interaction with the scatterers V{r, ri ■ -Vn) is an operator at the 
particle spin space and at the every scatterer spin space. The solution of the 
equation (2) can be found in the form ^(r) = e**^^$(r). Substituting this value 



to the (2) and neglecting the terms with second derivative of $(r) we come to 



E dz 



V{r)^{r). (3) 



Equation (3) is analogous to to the interaction representation in the quantum 
field theory and consequently it has solution Zexp being analogy to the Texp: 

<l>{b,z) = Z'exp{-— I V{h,z')dz'} (4) 



For the scattering amplitude we have: 

F{q) = -— I e-'''^-'^'V{r)<^{r)(fr = — [ e-^'^l - ^{b,+oo))d\{5) 

271 J 271 J 



N 

where q is the momentum transferred. If V{b, z) = ^^Va{b — ba, z — Za) and 

Va{b — ba,z — Za) is couceutrated near the point Za so that the different Va 
do not overlap it is possible to write: 

Z'exp{ — — / V{b,z')dz'} = ZaW_Zexp\ — — / Va{b — b^, z — Za)dz 

— oo \ — oo 



The operator Z^ orders the terms in this product in the direction of z^ in- 
creasing from the right side to the left one. By denoting 

Ta{b — ba) = 1 — Zexpi — — / Va{b — ba, z — Za)dz> (6) 



we find 

F(g) = ^/e-'^M{l-Z.n(l-r.(&-M)}lM'&- (7) 



(I I) means the averaging over the displacements and the spin states of the 
scatterers in the target nucleus. Remember that the Z^ orders the terms in 
the direction of z^ increasing. 



3 T-odd P-even N-N elastic scattering amplitude 



In view of absence of the fundamental model the T-odd P-even interaction is 
usually considered at the nucleon level in the framework of one meson exchange 
mechanism which is responsible for the long range component of nuclear forces. 
Ai and p are two easiest mesons, exchange of which can results to the T-odd 
P-even N-N scattering amplitude [9] . The Lagrangian of the interaction of Ai 
and p fields with nucleon field can be written down as [9] 



L{x) = Hxng.^.T ■ p^{x) - gp^^A-r x d^P^ix)]s 
+gAl,l,T ■ A^{x) - '-l^a,,^,Td''A^{x)mx) 
The one meson exchange corresponds to the diagrams in Fig. 1. 
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Fig. 1. One meson exchange diagrams. Black circle denote T-odd, P-even vertex. 

After the application ordinary diagram technique [10] we obtain the appropri- 
ate matrix element of transition due to T-odd p-meson exchange: 



OK 

-{u3-f^TjUi){u4,a(;„e3ljTiU2){p4. - P2y Df {P4 " P2) 

-{u4jf,rjUi){u3(7(;^e3ljTiU2){pA - PiYDfiPA - Pi) 

+ {u3l^iT-jU2){UAac_ue3ljTlUi){pA - Pi)" Df {p4 - Pi)}. 



D^^{q) 



Qt^Qu/ml - g^^ 



(9) 



TTlt 



tisymmetric tensor, a^^y 



represents the p-meson propagator, euj is the an- 



■^{itilu - lulfi)- Let's substitute Ui = u{pi)9i, 



I \Je + m 
■U2 = u{p2)92 • • • to the expression (9), where ^(p) = 

, ^/e — m (crn) < 

and ^ are spin and isospin nucleon wave functions. Setting Pi = p , P2 

-p , P3 = p + q , P4 = -p + q , 




we find the T-odd amphtude of the scattering of a proton by a neutron due 
to p-meson exchange: 



ir.iq) 



M 5'p5'p/t(/32cr4i xn- q- hi(T^2 x n ■ q) 



IQnep 2Txm{m? + Ap 



.2\ 



27rm{m'l + 4p^ 






where cr4i = 0jcr0i, /31 = 0;^0i and so on, p and e are the center of 

p 
mass nucleon momentum and the energy, n = -. The Fierz transform 

I P I 
C4i-^32 — (^32hi = i<^3i X 0-42 was used to put the exchange amphtude to 

the direct channeL Here and everywhere further we shall use the scattering 
amplitude normalized by the condition: atot = 47rIm/(0). The amplitude is 
derived from ordinary amplitude (7) through division by the incident particle 
wave number. In such a normalization the amplitude of scattering is invari- 
ant relative to the Lorenz transform along the incident particle momentum 
(small angle scattering is implied). The T-odd P-even p — p and n — n ampli- 
tudes corresponding to p-meson exchange is absent. The amplitude (10) gives 
nonrelativistic T-odd N-N potential 

m^e-™"^ (I 1 " 



V, = 9p9A^l X ^2)3^- X p ■ (0-1 - (T2)^-^^ ( ^ + ^^^ ) . (11) 



The matrix element describing Ai-meson exchange is: 

Ma = ^{iu4-ff,-f5TjU2){Usai;^-f5TjUi){p4-p2YD'^^{p4-p2) 

-{u3lfil5'rjUi){u4^(7t^^-f5TjU2){p4. - P2y Da {P4. " P2) 
-(M47M75T-iMl)(^30'C'^75l"jM2)(P4 - PlY D'^ {P4. " Pi) 
+ {u3l^^l5^jU2){u4a^^'J5TjUl){pi - Pi)" D'^^ {p^ - pi)}. (12) 

After similar calculations we obtain 



Tim m\[m\ + 4p^) 
for the p — p scattering and 



fZiq) = T^^ l%^^^'d {cT,2P){<T,,q) + (^42g)(^3lP)) (14) 

47rm m\[m\ + 4p^) 
for the p — n scattering. The corresponding potential is 



2 

Vj = gAfA^{{o-ip){(T2r) + (o-2p)(crir-) - (o-iCT2)(pr)) 

x(TiT2)- + ^-^ +/I.C. . (15) 

5 
The T-even constants are approximately equal to Qp = 2.79 , qa = — 1=9 py 

3v2 
K = 3.7 [9]. For T-odd constants the following restrictions were derived: \gp\ < 

6.7 X 10"^ , IfAl <3x 10"^ [9]. 



4 T-odd P-even forward p — d elastic scattering amplitude 

For the nucleon-deuteron scattering we have from (7): 

F{0) = ^JSp^,^,,i^{T,{b-b^) + T,{b-b,) 

-ri(6 - 6i)r2(b - b2)e{zi - z^) - v^ib - b2)v^{b - b,)e{z2 - ^0) 

x6{r, - r2)p(ri)|rfVirfV2rf'6 , (16) 

where 9{z) is the step- function and r^ = {ba,Za}- We again use the amplitudes 
normalized by the condition atot = 47rImF(0). The double scattering terms 
of the expression (16) imply that the incident particle spin wave function is 
acted by Fi, and then by F2 if the particle firstly strikes with the nucleon 1. 
If the first collision occurs with nucleon 2 the F2 acts firstly. 

The profile-function F(b) is connected with the N — N nucleon scattering am- 
plitude by the relation: f{q) = — / T{b)e~'^'^''(Pb. If we rewrite the equation 

/• f T 1 

(16) in terms of amplitudes and form factors G''^^-'(q) = \ p{r)dz> e^"^ d'^b , 



/ < / p{r)dz > e^'^^cPh , r = {b, z} we can see that in the expres- 



sion derived 



i^(0) = 5p.,.,|(/i(0) + /2(0))G(0) 

+ ^Sp^,^,yiM-q)Mq)G^^\2q) + Uq)M-q)G^'\2q))d'q 

the area of integration over the momentum transferred q is restricted by 
the deuteron form factor, which dependence on the momentum transferred 
is sharper than that for A^ — A^ scattering amphtude. It allows one to take 
out the N — N amplitude from the integral or, that is equivalent, to use the 
formal profile-function giving the correct expression for the N ~ N amplitude 
in a vicinity of small angles: 



t I m ob 

^" -«4)(-|:) - ^(-.n)(^|-) - ^(an)K|-)U(^)(6). (17) 



m 



^ ob ob m Ob m Ob 



Here 5^'^'{b) is two demensional delta-function, m is the nucleon mass. Al- 
though the approximation is very rough, especially for the spin-dependent 
form factors G [11], we use it to simplify calculations. The expression (17) cor- 
responds to the scattering amplitude of the incident proton by the a deuteron 
nucleon (a = 1 denotes the p-p scattering and a = 2 denotes the p — n one) 
with constant Qa, Va, Ca, Ca, da, ha, h'^: 



tc 

faiq) = aa + vicTaCr) + e((Tan)(crn) -\ -{(Ta + (t) ■ q X n 

m 

H — ^(cr„q)(crqr) -\ -{(Tan){(Tq) -\ ^(o-n)(cr„q) . 

It follows from (10), (14), (13) that p-meson exchange gives 






and Ai-meson exchange gives 

h^ — h^' — "^QA^AP ,A _ r^AI _ "^/ij/iy^'-A ' ^f I /-|q\ 

ll'l — ll'l — 2 / 2 , A ■}\ •> ""2 ~ "'2 — A 2 t 2 , A ■)\ ■ \^^l 






Let us represent the nucleon density at deuteron p{r) as: 



p{r) = -{Aq + AiS (o-i + 0-2) + A2{Sr){(Ti + (T2) ■ r + A^iSrf 

+^4(0-10-2) + A5{(Tir){(T2r) + Ae{{(TiS){(T2S) + {(T2S){(TiS)) 

+Ar{cT,r){(T2r){Srf + As{(T^a2){Srf + A,{{a, x S ■ r) 

*{cr2 X S ■ r) + {cT2 X S ■ r){cTi x S ■ r)) + Aioiicrir){(T2S){Sr) 

+ {(T,S){a2r){Sr) + {a,r){Sr){a2S) + {Sr){(T2r){(T,S)) 

+ To(cri X cr2 ■ 5) + T,{{(Tir){(T2 x S ■ r) + (cr2r-)(cri x S ■ r)) (20) 
+T2((5r)((o-i + 0-2) X 5 ■ r) + ((^i + (T2) x S ■ r){Sr))}. 

The density is simultaneously the spin density matrix of the both deuteron nu- 
cleons. The operator of the deuteron spin S is a parameter describing deuteron 
orientation. To find density for the concrete deuteron orientation we must take 
matrix element of p{r) over deuteron spin state. The terms Tq, Ti and T2 are 
the T-odd terms. The real functions Aq...Aiq can be found from the deuteron 
wave function. 

^ _ 1 fU{r) , 1 W{r) \ 

'-'12 Xm, 



where U{r) is the radial deuteron S-wave function and W{r) is the radial 
D-function, Xm is the spin wave function of two nucleons with the spin m, 
S12 = 3(crin)(cr2n) — {(Ti(T2). Taking into account that p{r) = 80(2r)0"''(2r) 
we can find the nucleon density matrix for the deuteron being at the state 
with the spin projection 1: 

(1 I p(r)) \l) = -\ --:r^ + ^^^12) xixt {-^ + -^*^i2 1 



From the other side, (1 | p | 1) can be obtained by taking the matrix element 
from expression (20) over the state with the spin projection 1. By comparing 
these expressions we find: 

Ao(r) = -u^ — 8uw + 16w^, Ax = V? — 2uw — 8w'^, r'^A2 = 6uw + 12w'^, 
PA3 = 12uw - 12w^ A4 = 8w^ + 8uw - V?, r^A., = -24w^, 

Aq = u'^ - 2uw + W, r^r = 72w^, r^As = -12w^, 

r'^Ag = -6uw, r^Aio = -12w^. 



The functions u and w are connected with U and W by: W{2r) = v87rrw(r), 
U{2r) = y/7rru{r). Substituting the expressions for p{r) and for the profile- 
function to the equation (16) it is possible to calculate the T-odd P-even p — d 
forward scattering amphtude. 



Ft(0) = 7ri((cr ■ S x n){Sn) + (5n)(cr ■ S x n)) 

X J l{{aiV2 + Via2)z^T2 - —^{aidi + dia2){zT!2 

+T2) - Y^i^T^ - 3T2) + ^(cit^2 + C2V1 + CiCs + C2ei)zT2 

-l^ihiV2 + h2Vi){z'^Aj + zAs + 22;Aio) + ^(^'1^2 + /^a^OMs 

z A' 

+2:^9 + 82:^10) - -r^{cih2 + C2/ii)(^ - 2:^7 - 3^9 + zA'^q 

-^10) + ^(^1^2 + /i2ei)(z^A7 + zA^ + 22;Aio)}|rf^ • (21) 

Everywhere in (21) y4„, T„ are the functions of z, the prime means the deriva- 
tive with respect to z. The two different contributions to the T-odd scattering 
amphtude exist. The first one is due to T-odd N-N scattering taking part in the 
double scattering of the incident proton by the deuteron nucleons. For spher- 
ical deuteron 742,^3,745,^7,^3,^9,7410 are equal to zero and the only term 

K 
proportional to the (ci/12 + C2/11) — remains. In any case the spin-dependent 

z 
N-N scattering amplitude is needed to generate T-odd effect in the p-d am- 
plitude. The spin-dependent N-N amplitude decreases with the energy, so the 
T-odd p-d amplitude decreases too. We don't speak here about possible short 
range T-odd N-N forces which, in principle, can grow with the energy and 
compensate decreasing of the spin-dependent N-N amnlitude. 
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Fig. 2. T-odd P-even p-d forward elastic scattering amplitude calculated with T-odd 
P-even N-N amplitude due to 74i-meson exchange (a) and due to p-meson exchange 
(b). Solid curve is real part and dashed curve is imaginary part. Black and empty 
circles correspond to the real and imaginary parts respectively calculated for " spher- 
ical" deuteron. 

The second contribution is due to T-odd impurity in the nucleon density at 
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Fig. 3. T-odd P-even p-d forward elastic scattering amplitude calculated with T-odd 
P-even impurity in the nucleon density at the deuteron. Solid curve is real part and 
dashed curve is imaginary part. 

deuteron. We can see from the expression (21) that only the T2 term gives rise 
to the p-d amplitude. Ti and Tq terms do not contribute to the p-d amplitude 
because they contain less than 2 deuteron spin operators. The T-even spin 
dependent p-d scattering amplitude was considered in [11]. 



5 Results 



The T-even amplitudes a,b,c... are taken from the SAID phase shift analysis 
[12] and the deuteron S-,D- radial functions are taken from [13]. Setting T- 
odd constants equal (jp = 10"'^ and f^ = 10"^ we obtain results shown in 
Fig. 2a The restriction on f^ is more rigorous due to strict contribution of the 
Ai-exchange mechanism to the neutron dielectric moment and the accuracy 
10^^ — 10^^° fm^ for amplitude measurements or 10~^ — 10~^ mb for T-odd 
cross section measurements is needed to find f^ = 10~^. The restriction for (jp 
is more gentle and requires the accuracy 10~^ — 10~^ fm^ for the amplitude 
(Fig. 2b) and 10"*^ — 10~^ mb for the cross section measurements. We see that 
deuteron non sphericity makes results more optimistic. 

For T2 impurity to the density we take T2 = lO'^Ag because the T-even Ag 
term has similar structure as T2. To test the impurity at this level we need 
the accuracy 10~^ — 10~ fm^ and 10~^ — 10~^ mb for the amplitude (Fig. 3) 
and cross section measurements respectively. 

So, the accuracy of TRV collaboration (10~® m6) will allow to obtain new 
constraints for f^ and (jp. Note, that the real part of the T-odd P-even forward 



10 



amplitude can be measured in the spin rotation [14] experiment. 

The author is grateful to the Prof. V. G. Baryshevsky for the remark concern- 
ing the importance of a deuteron non sphericity and to the Dr. K. G. Batrakov 
and Dr. I. Ya. Dubovskaya for discussions and remarks. 
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